The pathogenesis of walleye dermal sarcoma virus (WDSV) infection was investigated in adult walleyes (Stizostedion vitreum). Three tumor-bearing and three tumor-free walleyes were collected in the spring from Oneida Lake, New York, and analyzed for viral infection and transcriptional activity. Specifically, the target organs for viral infection and supporting viral transcriptional activity were determined by assessing for the presence of WDSV DNA and RNA in the brain, liver, kidney, skin, and spleen. For each organ, WDSV DNA and RNA were detected using the polymerase chain reaction (PCR) and reverse transcription PCR (RT-PCR) respectively. Quantitative estimates of the number of viral DNA and RNA copies were obtained in each case by comparing the signal intensity of the sample to that of external controls. WDSV RNMDNA ratios, based on those quantitative estimates, were computed for each organ. An RNA/DNA ratio of 3 was arbitrarily chosen as the threshold above which there was viral transcriptional activity. Viral DNA was found in all the organs examined from the three tumor-free walleyes. In those three tumor-free walleyes, low levels of WDSV RNA were detected in only one kidney and two spleen samples. In the three tumor-bearing walleyes, viral DNA was found in one brain, one kidney, two liver, and two skin samples. In contrast to the few organs from tumorfree walleyes in which WDSV RNA was detected, in tumor-bearing walleyes WDSV RNA was present in the one brain examined and in 2/3 kidney, 2/3 liver, 313 skin, and 3/3 spleen samples. A WDSV RNA/DNA ratio above 3 was obtained in all three tumor-bearing walleyes but in only one tumor-free fish. These data indicated that 1) both tumor-bearing and tumor-free walleyes were infected by WDSV, 2) many cell types were targeted by WDSV and supported viral transcription, and 3) tumor-bearing walleyes harbored a transcriptionally active WDSV, whereas tumor-free walleyes contained mostly silent WDSV DNA.
Dermal sarcoma of walleye is an infectious neoplastic disease that occurs spontaneously in feral walleyes throughout North A m e~i c a . '~.~~ It has been associated with walleye dermal sarcoma virus (WDSV), a newly described type C retrovirus. 17.18,20 Affected fish are characterized by usually multiple well-circumscribed cutaneous mesenchymal neoplasms that arise multicentrically within the superficial dermis and abut the epidermis. The diagnosis of sarcoma was made at the time of the initial report and was based solely on the occasional anaplastic appearance of the neoplastic cells. Since then, malignancy has not been substantiated by corresponding clinical behavior. Dermal sarcomas have never been reported to invade locally or metastasize. A follow-up study of individual affected walleyes has also suggested a benign clinical course. ' The pathogenesis of this retrovirus-associated neo-Present address: Department of Veterinary Pathobiology, College of Veterinary Medicine, University of Illinois, Urbana, IL. plasm has not been investigated. The multicentric occurrence of tumors suggests that infection by WDSV has at least one systemic stage. Dermal sarcomas develop spontaneously on sexually mature walleyes and can be experimentally induced on fingerling walleyes.Ls Southern and northern blot analyses of tissues from adult fish have revealed viral DNA and viral transcripts only within the sarcoma^.^^^^^ In situ hybridization (ISH) studies have demonstrated abundant WDSV transcripts within the neoplastic cells (F. M. Poulet et al., unpublished) . To document the natural history of dermal sarcoma in walleyes, we studied WDSV infection and transcriptional activity in adult wild-caught walleyes. The aims of this study were 1) to identify the organs infected by WDSV, 2) to determine which organs support viral transcriptional activity, and 3) to compare the patterns of WDSV infection and transcriptional activity in tumor-bearing and tumor-free walleyes. Detection of viral DNA and RNA was accomplished by polymerase chain reaction (PCR) and reverse transcription PCR (RT-PCR).
Materials and Methods

Material collection and sample preparation
Six adult walleyes (Stizostedion vitreum) were collected on 15 April 1993 in Oneida Lake, New York. Walleye Nos. 1-3 had numerous multifocal dermal sarcomas characteristic of the disease. Walleye Nos. 4-6 were referred to as tumor free because they had no grossly visible neoplasms. The fish were euthanatized with methane tricaine sulfonate (MS 222, Sandoz Pharmaceuticals, East Hannover, NJ) and necropsied. No macroscopic internal lesions were detected in any of the fish. The brain, kidney, liver, macroscopically normal skin, and spleen were dissected and stored at -70 C. Approximately 0.5 g and 50 mg of each organ were processed for DNA or RNA extraction, respectively. DNA was extracted as previously described. 24 RNA was isolated using RNAzolO B (CinndBiotecx, Friendswood, TX) according to the manufacturer's instructions. All RNAs were pretreated with RNase-free DNase (Worthington Biochemical Corp., Freehold, NJ) in 50 mM Tris-HC1 (pH 7.8), 1 mM CaCl,, and 1 mM MgC1, at 37 C for 1 hour and ethanol precipitated. Viral RNA was prepared from banded virions as previously described.20 Samples were stored at -20 C until used. Figure 1 illustrates the respective location on the 5' long terminal repeat of the WDSV genome of the oligonucleotide primers (20 nucleotides in length) and probes (40 nucleotides in length) for PCR and RT-PCR. The sequences of the primers and probes specific for each of the amplified regions of the WDSV genome are in Table 1 . For RT-PCR, primers 3 and 4 for amplification of the cDNA were chosen by their position relative to consensus signal sequences, such as the polyadenylation signal and the TATA box. Based upon that limited sequence information, primer 3 was inferred to be located downstream of the transcriptional initiation site. From each tissue sample, 1 pg of DNA denatured at 97 C for 5 minutes was used for PCR. Amplifications were performed on a Hybaid thermocycler in a 100-p1 solution containing 2.5 units of Thermus agqaticus (AmpliTaq) DNA polymerase (Perkin Elmer Cetus, Nonvalk, CT), 0.3 pM of primers 1 and 2,200 pM of each deoxynucleoside triphosphate (dNTP), 10 mM Tris-HC1 (pH 8.3), 50 mM KC1, 1.5 mM MgCl,, and 0.00 1% (w/v) gelatin, overlaid with mineral oil. Thirty-five cycles consisting of a denaturation step at 94 C for 1 minute, a primer annealing step at 60 C for 1 minute, and a polymerization step at 72 C for 2 minutes were performed, with a final extension step at 72 C for 5 minutes. Omission of the template served as the negative control. Positive controls were tumor DNA, which contained WDSV DNA,2o and WDSV DNA cloned in phage lambda. This WDSV DNA in lambda was used to determine the limit of sensitivity of the PCR assay. Specifically, 150 pg/ml of cloned WDSV DNA in lambda was spectrophotometrically measured, adjusted to 100 pg, and diluted serially 1 : 10 to obtain concentrations ranging from 100 pg to 1 fg. These 10-fold dilutions of phage DNA, providing a calculated number of targets, served as templates for PCR amplifications. The lowest concentration of WDSV clone that could be reproducibly amplified was considered to be the limit of detection of the PCR assay. For each experimental sample, the number of viral copies was measured following a protocol adapted from a method for quantitative PCR.5 External standards consisted of appropriate dilutions of the WDSV clone in lambda as determined above. Those standards, which provided known amounts of WDSV DNA, were amplified in separate PCR vessels along with each set of reactions. The PCR assay was optimized to ensure that the amplified products were quantified during the exponential phase of the amplification. The number of viral DNA copies for each sample was then derived from comparing the signal intensity of the amplification product of the sample with that of the external standard amplified in parallel.
PCR
RT-PCR
Reverse transcription of 1 pg of total RNA from each tissue sample was accomplished in a 20 pl volume containing 5 5' ATA CGC TGA TCC CAG ATC AG 3' 5' TAC GTG ACG GTC ATG TCT AC 3' 5' TGA AGC AGG AAT ACC TAC CT 3' 5' CTG TAA GTC CGT TCT CTT GT 3' 5' GCA GTC ACA TTG CTG TAT ACA CTT TAT TAA TAT CTT CTG C 3' 5' ATG CTG ATG ATA CCA AGC CAT ACG TGA CGG TCA TGT CTA C 3' mM MgCl,, 50 mM KC1, 10 mM Tris-HC1 (pH 8.3), 1 mM of each dNTP, 20 units RNase inhibitor, 2.5 pM random hexamers, and 50 units Moloney murine leukemia virus (M-MLV) reverse transcriptase (RT). The reaction mixture was incubated at room temperature for 10 minutes, followed by 42 C for 15 minutes, 99 C for 5 minutes, and 25 C for 5 minutes. The cDNA product was heated at 95 C for 2 minutes and amplified for 36 cycles as above in a 100-pl volume containing 2 mM MgC12, 50 mM KCl, 10 mM Tris-HC1 (pH 8.3), 0.3 pM of primers 3 and 4, and 2.5 units AmpliTaq DNA polymerase. One negative control for each set of reactions consisted of omission of the template. The negative control for each tissue sample, which ascertained that the amplification products were derived from the reverse transcribed cDNA, consisted of running one reaction in the presence of RT and another in the absence of RT. Positive controls were tumor RNA and virion RNA. The limit of sensitivity of the RT-PCR assay was established by determining the ability of the assay to detect dilutions of virion RNA, which provided quantifiable number of targets. A solution of 500 pgml of virion RNA, measured spectrophotometrically, was serially diluted 1 : 10 from 50 fg to 5 ag and amplified by RT-PCR. The lowest concentration of virion RNA reproducibly detected was recorded as the limit of detection of the assay. For each experimental sample, the copies of WDSV RNA were quantitated using the method described for DNA but with external RNA standards. Specifically, appropriate dilutions of virion RNA, which provided a calculated copy number, served as external standards in separate PCR vessels. Those standards were amplified in parallel with each set of reactions. The assay was optimized to yield amplified products in the exponential phase of the amplification. The number of viral RNA copies in each sample was obtained by comparing the signal intensity of the final product with that of the external standard, which contained known amounts of virion RNA amplified similarly.
Southern blot analysis of amplification products
Aliquots of the amplified DNAs were electrophoresed through 1.8% agarose gels, visualized by staining with ethidium bromide, and transferred to nitrocellulose. The PCR and RT-PCR products were identified by their expected size of 670 and 343 bp and, more specifically, by hybridization with the internal oligonucleotide probes 5 and 6. The oligonucleotide probes were end-labeled at their 5' termini by 8 units of T4 polynucleotide kinase in a 20-pl reaction containing 1 pM (NEN, 3000 Ci/mmol) gamma 32P-dATP, 50 mM Tris-HC1 (pH 8.2), 10 mM MgCl,, 1 mM Ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol, and 1 mM spermidine at 37 C for 1 hour and purified by G-50 column chromatography. The specific activities of the probes were approximately 5 x 108 cpm/pg. Prehybridization and overnight hybridization were performed at 37C in 0.4 M NaC1, 10 mM Tris-HC1 (pH 7 3 , 10 mM EDTA, 5 x Denhardt's solution and 100 pgml of denatured sheared salmon sperm DNA. Membranes were washed twice for 20 minutes each time at room temperature in 2 x standard saline citrate (SSC) (1 x SSC is 0.15 M NaC1,O.O 15 M sodium citrate) and 0.1% sarkosyl, dried, and exposed for autoradiography. The signal intensity of the amplification product for each sample was compared with that of the parallel amplification of dilutions of the external standards (WDSV DNA in phage lambda or virion RNA) to estimate the number of WDSV copies in each tissue sample. The number of viral copies in the 1-pg sample was then divided by the approximate number of cells from which the nucleic acids were extracted. The results were expressed as the number of infected cells per tissue sample assuming that each cell contained a single viral DNA or RNA copy. All reactions were done in duplicate. To evaluate the transcriptional activity of WDSV and compare it among organs that contain variable numbers of copies of viral DNA, a RNNDNA ratio was computed based on the quantitative estimations. Transcriptional activity was arbitrary defined by a ratio above 3 and denoted by a +. For the few cases where, because of the difference in sensitivity of the PCR and RT-PCR assays (one infected cell out of 20,000 versus one out of 50,000), DNA was below the level of detection of the PCR assay but RNA was detected, the RNNDNA ratio was computed using a DNA level of one infected cell out of 200,000, which corresponded to the next 10-fold dilution.
Results
The limit of sensitivity of the PCR assay was 1 fg of WDSV clone, the approximate equivalent of 18 viral DNA molecules, and that of the RT-PCR assay was 50 ag of virion RNA, which corresponds to two RNA molecules (data not shown). Therefore, by using 1 pg of DNA from each tissue sample, which represented the DNA content of 3.3 x lo5 cells, and assuming one WDSV copy/cell, the PCR assay allowed the detection of one infected cell out of 20,000. Similarly, one infected cell out of 50,000 was detected by RT-PCR in 1 pg of RNA, extracted from approximately lo5 cells.
To identify the organs infected by WDSV, the presence of viral DNA was assessed by PCR in the brain, kidney, liver, skin, and spleen of tumor-bearing and tumor-free walleyes. The distribution of the PCR prod-UCIS within tumor-bearing walleye Nos. 2 and 3 and tumor-free walleye Nos. 4 and 5 is shown in Fig. 2 . The quantitative estimations of the number of infected cells per organ in each fish are summarized in Table  2 . WDSV DNA copies were detected in tumor-bearing walleyes and, unexpectedly, in tumor-free walleyes. The number of viral DNA copies differed widely among organs and individual fish. Infected cells were present in 1/3 brain, 1/3 kidney, 213 liver, and 2 / 3 skin samples tumor-bearing walleye (Nos. [1] [2] [3] . The proportion of infected cells varied from one infected cell out of 2,000 cells in the brain and liver of walleye No. 1 to one out of every two cells in the skin of walleye No. 1 and the liver of walleye No. 2. The highest numbers of infected cells, one out of two or out of 20 cells, were found in skin and liver samples of walleye Nos. 1 and 2. Viral DNA copies were not found in the spleen from tumorbearing walleyes. In tumor-free walleyes (Nos. [4] [5] [6] , , the quantitative estimation of the number of cells containing one virus particle is summarized in Table 3 .
WDSV RNA was detected in the brain, kidney, liver, slun, and spleen. Almost all the organs examined from tumor-bearing walleyes contained WDSV RNA, which indicated that the virus was transcriptionally active in those fish. The kidney and liver samples ofwalleye No. 3 constituted an exception by not harboring detectable Table 2 . Quantitative estimations* of WDSV DNA levels in organs of adult tumor-bearing and tumor-free walleyes. These levels were obtained by comparison with external standards. -343 bp Fig. 3 . Autoradiograph of Southern hybridization of RT-PCR products from 1 wg of total RNA from the brain, kidney, liver, skin and spleen from walleyes. WDSV RNA is identified by hybridization with the end-labeled internal oligonucleotide probe 6 that gives an autoradiographic signal at the expected size of 343 bp. Positive controls are tumor RNA and virion RNA. Negative control for each tissue sample consists of omitting RT in one of the two reactions. Fig. 3a . Tumor-bearing walleye No. 2. WDSV is transcribed in every organ. Tumor RNA became apparent after a longer exposure in this case (not shown). Fig. 3b . Tumor-free walleye No. 5. Only the spleen contains WDSV RNA. Table 3 . Quantitative estimations* of WDSV RNA levels in organs of adult tumor-bearing and tumor-free walleyes. These levels were established by comparison with external standards.
Tumor Bearing
Tumor Free Organ Moreover, the organs from tumor-free walleyes contained fewer viral transcripts than those from tumorbearing walleyes. Assuming that infected cells only harbored a single virus particle, WDSV RNA was estimated to be present in one cell out of 600 in the spleen of walleye No. 5 and the kidney of walleye No. 6 and in one cell out of 6,000 in the spleen of walleye No. 6. Table 4 gives the WDSV RNNDNA ratio for each organ of tumor-bearing and tumor-free walleyes. According to that ratio, WDSV was harbored in a minimally transcriptionally active state in the organs from tumor-free walleye (Nos. [4] [5] [6] . Only the kidney of walleye No. 6 contained viral transcripts in excess of viral DNA. Sharply contrasting with that mostly silent infection, intense viral transcriptional activity was evident in tumor-bearing walleyes (Nos. 1-3) . In those, WDSV RNA was produced in excess of DNA in the one brain examined, and in 1/3 kidney, 1/3 liver, 2/3 skin, and 3/3 spleen samples.
Discussion
We have investigated the infection and transcnptional status of WDSV within the organs of tumorbearing and tumor-free walleyes. Adult wild-caught walleyes were divided into two groups, tumor-bearing or tumor-free fish, by the presence of macroscopic dermal sarcomas. WDSV DNA and RNA were measured in the samples after amplification by PCR and RT- Table 4 . WDSV RNNDNA ratio* in organs of adult tumor-bearing and tumor-free walleyes. PCR. The numbers of DNA and RNA copies initially present in the samples were deduced from the amount of final product. The PCR assay is amenable to quantitation in the exponential phase of amplification in which the product is proportional to the initial amount of target.5,8J2,29 The major obstacle in making the PCR assay quantitative is the variability of the efficiency of amplification. Therefore, controlling for this efficiency is an aim shared by the many quantitative procedures that have been proposed. Those procedures use either external or internal standards amplified in parallel with the experimental samples so that any alteration in amplification efficiency that affects the samples would be similarly reflected in the standards. In the present study, external DNA and RNA standards, which control for fluctuations in amplification efficiency among separate sets of reactions, were used for PCR and RT-PCR, respectively. Duplicate experiments yielded the same quantitative results. Comparison of the final product to external standards is widely a c~e p t e d .~.~J~,~~ In most walleyes from both groups, WDSV DNA was found in the brain, kidney, liver, skin, and spleen. These findings suggest that all those organs were infected by WDSV as retroviral DNA is the intracellular genomic unpublished). Alternatively, the PCR assay might detect small numbers of infected inflammatory cells or circulating blood cells. Some walleyes might have been in a stage of cell-associated viremia. This possibility, however, is considered unlikely because nonindigenous cells, as a minor cell population, would not account for the high percentage of infected cells in some organs. Selectivity and range of cell tropism vary with the type of r e t r o v i r~s '~~~~ and are determined in part by the initial attachment to a cell surface receptor. That receptor has been identified in very few casesI6 and, as suggested for HIV-1 infection, might not be the exclusive pathway to gain entrance into the host ~e l l .~J~J~ The present study on WDSV illustrated another example of broad cell tropism for a member of the family Retroviridae. WDSV was present in both tumor-bearing and tumor-free fish. This finding added a new dimension to WDSV infection. Tumor development in 30% of the infected walleye population is thus likely to depend upon multiple factors instead of being a direct consequence of the viral infection. In Oneida Lake, 70% of the walleye population do not develop dermal sarcomas, yet results from the present study indicated that they are infected by WDSV. All three mechanisms of retrovirus-induced oncogenesis, insertional activation of a cellular oncogene, l 3 accessory transcripts,2L,28 and presence of a transduced oncogene,27 are plausible for WDSV-associated neoplasms. Viral transcripts were detected in all the organs examined, which suggests that all infected cell types can support WDSV transcription. However, the transcriptional activity of WDSV in organs from tumor-bearing walleyes and the corresponding silence in tumor-free fish suggests that viral transcripts may play a crucial role in WDSVassociated oncogenesis and in the pathogenesis of dermal sarcoma. Tumor-free walleyes differed from tumor-bearing walleyes in at least two aspects of viral transcriptional activity: the anatomic location of the viral transcripts and their abundance. Rare WDSV transcripts occurred in the spleen and kidney in tumorfree walleyes. WDSV transcriptional activity was present, as indicated by an RNA/DNA ratio above 3 , in the kidney sample ofwalleye No. 6. These data indicate a minimal transcriptional activity of WDSV in walleyes without dermal sarcomas. In contrast, in tumorbearing walleyes, WDSV transcripts were abundant in almost every organ examined. In addition, intense transcriptional activity of WDSV in the three tumorbearing walleyes was revealed by an RNNDNA ratio above 3 in several organs. The nature of those transcripts, genomic RNA or spliced messages, remained unknown. The reason for the transcriptional silence of WDSV in tumor-free walleyes was not found. Because all infected cell types apparently supported viral transcription, the regulation of WDSV transcription may be attributed to a retroviral element. Both preintegration and postintegration latency have been described for other r e t r o v i r~s e s .~~~ The integration status of WDSV DNA is unknown. Southern blot analysis revealed that most of the WDSV DNA in the dermal sarcomas is in an unintegrated form.20 Because integration is usually required for productive retroviral infection26 and because progeny virions are generated in dermal sarcomas, WDSV is probably integrated within those neoplastic cells that produce virus particles. However, the integration status of WDSV might differ among organs, between tumor-bearing and tumor-free walleyes, and during the course of the disease, and this difference might provide a basis for the transcriptional quiescence observed in tumor-free walleyes. Other factors, such as sex of the host, age at infection, immunologic status, infective dose, mode of transmission, and strain of WDSV, may also concur to the pathogenesis of dermal sarcomas in walleye. The possibility of dealing with one oncogenic strain of WDSV and another nonpathogenic strain cannot be excluded. In addition, external factors, such as cocarcinogens, might influence tumor formation in some walleyes.
Slun is the target for sarcoma development. Internal lesions have not been reported in tumor-bearing walle y e~. '~ Similarly, in this study no internal lesions were seen at necropsy, although WDSV infection was systemic. The mechanisms for this preferential occurrence of sarcoma in the skin are unclear. Sarcomas may be initiated on a traumatized site6 or may require skinspecific growth factors. Elevated WDSV transcriptional activity was detected in the neoplasms, and retroviral transcripts, presumably genomic RNA and spliced messages, were localized by ISH within the neoplastic cells (F. M. Poulet et al., unpublished) . Intensive viral transcription alone or viral messages expressed specifically in the cutaneous cells might trigger cell transformation. Discriminating between genomic and spliced messages will be useful for deciphering the role of WDSV transcripts in pathogenesis. In several other retroviral infections, the selective spatial and temporal expression of viral transcripts in tissues helps determine the patterns of disease in infected ani-WDSV caused a systemic infection in most walleyes from Oneida Lake, yet sarcomas occurred in only 30% of walleyes and were restricted to the skin. Although viral DNA was present in the organs from both tumorbearing and tumor-free walleyes, WDSV transcripts were expressed preferably in tumor-bearing fish. These data suggested that WDSV transcriptional activity is involved in the pathogenesis of this infectious neoplastic disease. cine, Cornell University. This work is part of a dissertation submitted by F.M.P. to the Graduate School, Cornell University, in partial hlfillment of the requirements for the degree of Doctor in Philosophy, 1994.
